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Executive Summary 
 
DESIGN AND EVALUATION OF COLLAPSIBLE PITCH-ADJUSTING IMPELLER FOR USE IN 
MECHANICAL CAVOPULMONARY ASSIST DEVICE OF FONTAN PATIENTS  
Jay P. Patel 
 
 
 
Thousands of children are born each year with multiple malformations of their heart 
chambers and are categorized to have a single ventricle physiology. Surgical palliation is 
required for these patients to survive, and these staged-surgeries produce a unique anatomic 
configuration where the single ventricle functions as the systemic ventricle and the vessel 
connections in the pulmonary circulation facilitate passive blood flow to the lungs. Thus, one 
ventricle performs the workload of both the systemic and pulmonary circulations. The 
cardiovascular stresses imposed by the single ventricle Fontan physiology leads to premature 
dysfunction and heart failure. A heart transplant is a treatment option, but limited donor organs 
and matching constraints create substantial challenges. Blood pumps or mechanical assistive 
technology can provide temporary circulatory support until a donor organ is located, but current 
devices are over designed for mechanical assistance of the single ventricle physiology or 
cavopulmonary circuit. Hence, to address this unmet therapeutic need, we are developing an 
intravascular blood pump to provide mechanical cavopulmonary assistance to Fontan patients. 
In this thesis project, more than 10 rigid and 4 collapsible prototypes were designed, 
manufactured, and hydraulically tested in a flow loop using a blood analog solution. Flexibility, 
collapsibility, and blade twist were parameters of focus in the development of the prototypes 
and in consideration of maximal pump performance. Materials of construction included various 
polyurethanes, Nitinol wire, and watershed resin. All of the prototypes generated pressures and 
flows in the target range to support Fontan patients. This research serves as a solid foundation 
from where to begin the next phase of pump development toward designing a fully functioning 
and effective collapsible, pitch – adjusting blood pump. This new blood pump will advance the 
current state-of-the-art and operate as a bridge-to-transplant or bridge-to-recovery for children 
and adults with dysfunctional Fontan physiology. 
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Chapter 1: Motivation and Significance 
 
Congenital heart disease (CHD) results from a compromised cardiovascular system 
due to cardiac birth defects associated with the structure of the heart. Recent 
investigations have shown that the prevalence of CHD has increased over the last century, 
now leveling at 9 cases per 1,000 live births. [1] Approximately 1.35 million newborns 
every year worldwide contend with CHD. Of these children suffering from CHD, a unique 
subgroup of these patients consists of those born with a univentricular physiology or 
those having only a single functional ventricle. This affects approximately 2.3 cases per 
10,000 live births.[2] 
For patients born having single ventricle physiology, the standard of care involves 
multiple staged, open heart, surgical procedures that culminate in the creation of a total 
cavopulmonary connection (TCPC) or Fontan completion. This Fontan procedure was 
created in 1971 by Dr. Francis Fontan as a palliative care strategy to treat malformations 
characterized by a single functional ventricle. Through these staged surgical procedures, 
a circulatory configuration is created that utilizes post-capillary energy to push the blood 
through the lungs and the functioning ventricle relaxation to draw blood from the 
pulmonary circulation.[3]  
To establish this configuration, the caval veins bypass the right ventricle and 
atrium and connect directly to the typically right-sided pulmonary artery. A bidirectional 
Glenn shunt (Figure 1: B) is used to connect the superior vena cava (SVC) to the pulmonary 
artery. The inferior vena cava (IVC) can be connected either through a lateral tunnel or an 
extra cardiac conduit.[3] 
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Figure 1: The three main stages of the Fontan procedure. A. Norwood; B. Glenn 
Shunt/Hemi-Fontan; C. Fontan. [14] 
 
 
 
The complete Fontan circuit (Figure 1: C) cannot be created at birth due to the 
reactive and vasoconstrictive smooth muscle layer around the pulmonary blood vessels 
that would result in significantly increased pulmonary vascular resistance, and the 
increased size of the vessels would prevent shunts from being implemented. In these 
situations, a staged approach is utilized, decreasing morbidity and mortality by allowing 
the body to adapt over time.  The initial goal is to supply unrestricted flow from the heart 
to the aorta, limited flow to the lungs, and unrestricted return to the ventricle. This can 
be achieved through multiple procedures including the Norwood repair (Figure 1: A), 
Modified Blalock-Taussig, or Rashkind balloon septostomy.  Between the ages of 4 to 12 
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months, a cavopulmonary connection or bidirectional Glenn shunt is implemented 
(Figure 1: B).  At 1 to 5 years, the Fontan circuit is completed by connecting the inferior 
vena cava to the pulmonary artery. [3] 
A multitude of cardiovascular stresses are created due to surgical palliation and 
the creation of the Fontan physiology. This human-made physiology ultimately leads to 
chronic hypertension and decreased cardiac output.  Throughout the implementation of 
the multiple stages, patients can be exposed to chronic volume overload, which, if 
excessive, can be damaging. [3] These cardiovascular stresses can result in the 
development of premature dysfunction and failure. Fontan failure can present as heart 
failure with systolic dysfunction. [7] 
To slow, or even eliminate, the steady rate of decline of the Fontan physiology, 
research indicates that a modest increase of 1-5 mmHg in the cavopulmonary pressure 
will reduce the systemic venous pressure, increase ventricular filling, and improve cardiac 
output. [7] Medical devices that could provide such a pressure boost in the 
cavopulmonary circulation include ventricular assist devices (VADs) or blood pumps. 
Currently available VADs or blood pumps produce pressures far exceeding that which is 
necessary for the Fontan physiology and were not designed to mechanically support the 
anatomy and physiology of the cavopulmonary circulation. [7] Consequently, a blood 
pump designed specifically for use with a single ventricular physiology in children and 
adults will provide an unmet therapeutic solution that will ensure medical stabilization 
and support hemodynamic status in Fontan patients. [7] 
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To address this unmet need, the BioCirc Lab at Drexel University is developing a 
minimally invasive intravascular pump that will serve as a bridge-to-transplant or bridge-
to-hemodynamic stability in Fontan patients with dysfunctional single ventricle 
physiology. This pump will be designed to be positioned in the IVC, SVC, or extra-cardiac 
conduit (ECC). An outer cage will be placed around the impeller to protect the vessel wall 
and prevent damage to the vascular structure. The pump will be designed to collapse for 
minimally invasive placement and removal while also adjusting pitch to facilitate optimal 
performance in a variety of unique anatomies. The target design performance for this 
blood pump is to produce flow rates of 0.5-4 L/min with pressure rises of 1-25 mmHg for 
1000-9000 RPM. 
In order to evaluate the concept of a pitch adjusting and collapsible impeller, the 
first phase of this project involved studying solid impellers of a simplified geometry having 
varying degrees of twist (or pitch). Through the use of hydraulic testing, pump prototypes 
of these solid geometries could be tested and assist in honing in on a geometry which can 
more easily be translated to a collapsible model.  
Utilizing the information extracted from the first phase of this study, and taking 
advantage of the recent improvements in Nitinol material, a streamlined, collapsible 
impeller was developed for use in a Fontan physiology. The super elasticity, shape 
memory, and biocompatible properties of Nitinol will allow us to create flexible wires for 
use as the backbone of the impeller. The flexible impeller will collapse to facilitate 
percutaneous placement, and when the stress is released, the Nitinol wires will cause the 
impeller to return to its trained shape.  Incorporating our recent work in pitch adjusting 
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blades [7], the end of the impeller is connected to a locking system, enabling 
circumferential twisting and locking in place when the optimal pitch is achieved. Figure 2: 
A illustrates the conceptual design of the pump and its placement.  
 
 
Figure 2: Cavopulmonary assist device for Fontan patients. A. Conceptual Design, B. 
Clinical Placement.  [8] 
 
 
 
This thesis aims to study a simplified geometry of an impeller with various degrees 
of twist. Using the data gathered and lessons learned from the simplified geometry, we 
will develop the foundation for a realistic collapsible impeller through the focus on initial 
design, prototyping, manufacturing, and preliminary testing of a collapsible, pitch-
adjusting impeller for an axial flow blood pump.  The blood pump will be employed to 
mechanically boost pressure in a dysfunctional Fontan physiology and will be a new 
therapeutic solution to a growing and significant healthcare problem for thousands of 
patients each year.  
 
Chapter 2: Project Objectives 
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This thesis project evaluated the hydraulic performance of impellers having 
various pitches with a simplified geometry and a rigid configuration. In conjunction with 
this test effort, the planning, designing, researching, prototyping manufacturing, and 
testing multiple designs of a collapsible impeller for an intravascular blood pump for 
Fontan patients was conducted. Multiple prototypes of the collapsible pump were 
constructed and hydraulically tested. The aims achieved during this M.S. thesis are as 
follows: 
1. Evaluate solid impeller of various degrees of twist to confirm the effects of increased 
twist on output properties with a simplified geometry.  
2. Develop design requirements for the flexible blood pump.  
3. Conduct research on material options and properties for impeller application. 
Incorporate research in current material applications, physical properties, and 
advantageous implementation of said properties.  
4. Using computer aided design, design a collapsible impeller model for 
manufacturing. Integrate previous successful impellers to advance overall design 
development.  
5. Develop prototypes utilizing Drexel University’s machine shops to build necessary 
components. Evaluate a variety of development and prototyping options.  
6. Work with manufacturer to develop a producible impeller design for real world 
application beyond bench top testing.   
7. Conduct experimental hydraulic testing of all blood pump prototypes without a 
protective cage in a blood analog solution.  
 
This research represents the preliminary effort towards designing and developing a 
fully functioning and effective collapsible, pitch – adjusting impeller. The impeller will be 
implemented into a blood pump intended to serve as a bridge to transplant or therapeutic 
option for children and adults with dysfunctional Fontan physiology. 
Chapter 3: Materials and Methods 
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3.1 Phase I: Solid-Impeller Testing  
 In order to evaluate the concept of a pitch adjusting impeller with a simplified 
rectangular geometry and rigid configuration, 10 prototype impellers were evaluated. 
The initial batch of impellers had degrees of twist ranging from 100 to 600 degrees.  
After these were tested, a new set of impellers were evaluated in the range of 300-400 
degree twist in 20 degree increments.  The impeller geometry and fundamental design 
were determined based on prior design work in the BioCirc Research Laboratory. Figure 
3 illustrates the impeller designs that were evaluated.     
 
 
 
 
Figure 3: Cavopulmonary impeller designs: First Row: a) Impeller with 100 degrees of 
blade twist; b) Impeller with 200 degrees of blade twist; c) Impeller with 300 degrees of 
blade twist; d) Impeller with 400 degrees of blade twist; e) Impeller with 500 degrees of 
blade twist; f) Impeller with 600 degrees of blade twist; Second Row: Refined Range: g) 
Impeller with 320 degrees of blade twist; h)Impeller with 340 degrees of blade twist; i) 
Impeller with 360 degrees of blade twist; j) Impeller with 380 degrees of blade twist. [9] 
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 These prototypes were tested in a hydraulic flow loop using a blood analog solution. 
See Section 3.3 for more details on test methods. [9] 
 
3.2 Phase II: Flexible Prototype Development  
 Building upon prior work in the design of a new impeller, we sought to 
incorporate a flexible, pitch-adjusting blood pump using the rectangular pump 
geometry. The following sections detail the process undertaken. 
 
3.2.1 Design Requirements  
 Current blood pumps are created using solid titanium impellers. Due to the 
nature of the design, these impellers are created to optimally perform in their given 
configuration.  Since blood pump operation and the cardiovascular system itself 
dynamically change, the pumps frequently operate at off-design conditions. Operating a 
blood pump at off-design conditions generates irregular blood flow patterns, increasing 
fluid shear stresses that raise the risk of hemolysis, thrombosis, and possibly death due 
to stroke. In order to circumvent this issue, a design needs to incorporate flow control 
and an expanded operating range. [10] The optimal impeller design will generate a 
pressure boost of 1-5 mmHg and deliver a flow rate of 0.5-4.0 L/min. [8] 
Pitch adjusting impellers have long been used by various industries, such as wind 
energy with turbines and the aerospace field with airfoils. These impellers create a 
geometric twist in order to dynamically change the flow pattern.  By implementing a 
pitch adjusting impeller, the device will be able to have increased flow control and an 
expanded operating range, giving a more patient-to-patient customizability.  
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Previous developments by Throckmorton et al. [10] implemented a flexible 
polyurethane material to create a solid impeller. These impellers were tested using a 
blood analog and varying degrees of twist. With angle of twist or stagger over 70 
degrees, a positive percent increase in pressure rise was seen.  Figure 4 shows the 
percent change in pressure rise was proportional to the angle of twist.  Thus, to 
continue this progress, the new design needs to incorporate pitch adjustment to provide 
the customizability.  
 
 
 
 
Figure 4: Effects on pressure output from various pitch adjusted impeller geometries. 
[10] 
 
 
 In order to facilitate strategic placement and minimally invasive use, the new 
impeller must be collapsible to an outer diameter of ~5 mm or smaller. These devices 
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will be percutaneously placed within the blood vessels, and thus, will need to collapse 
for successful insertion and deployment similar to a cardiovascular stent or intra-aortic 
balloon pump. See Table 1 for a summary of the design characteristics.  
 
 
 
Table 1: Impeller design requirements 
Characteristics Prototype 
Number of Blades  4 
Hub  Diameter 5 mm 
OD –Open 15-25 mm 
OD- Collapsed 5 mm 
Twist Angle 30-90 Degrees or higher 
Pressure Rise 1-5 mmHg 
Flow Rate 0.5-4.0 L/min 
 
 
 
 The clinical management of the device is expected to be similar to an intra-aortic 
balloon pump with deployment steps in a supine patient: 1) anticoagulation; 2) 
percutaneous access femoral or internal jugular vein using Seldinger technique (if 
possible) or “cut-down” with stay-sutures; 3) passage of flexible guide wire; 4) dilation of 
tract over wire; 5) passage of thin peel-away sheath over dilator / wire to central venous 
circulation; 6) dilator and wire out; 7) pump sheath / cage and rotor assembly inserted 
through peel-away; 8) verify position (fluoroscopy / echocardiography) and expand cage; 
9) removal peel-away sheath; 10) activate motor to induce rotation slowly; increase until 
target output is achieved. For removal: 1) stop rotor; 2) retract cage assembly; 3) remove 
pump and sheath, and 4) seal access port.  
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3.2.2 Initial Prototype Design 
Previous work completed by Throckmorton et al. [8] utilized computation and 
performance testing of a rectangular model suggested the simplistic geometry would 
generate the desired collapsibility and twist. As such, when attempting to design a 
collapsible impeller, a geometrically simple design was targeted. 
 Using the characteristics from Table 1 as a reference, a literature review was 
performed on existing cardiovascular devices and advances utilized using Pubmed. 
Research into miniature components and flexible, medical grade materials, such as 
Nitinol, was performed. Readily available components in the optimal size range were 
researched in order to support a theoretical design. After initial research was 
completed, SolidWorks CAD software was utilized to create a design. This design was 
optimized several times after discussions with BioCirc Lab team members and per 
feedback from manufacturing companies. 
 
3.2.3 Manufacturing Design and Manufacturing 
 In order to manufacture an impeller, we contacted a variety of companies. The 
design required a company with the unique capability and tools to laser cut and shape 
set Nitinol material. Contacting many companies and understanding the feasibility of 
manufacturing the prototype, led to the establishment of a new research collaboration 
with Relucent Solutions in Santa Rosa, California. In order to convert the design from a 
laboratory functioning device to a manufacturable device, a redesign was implemented, 
tweaking the current design, while maintaining the geometric characteristics.   
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 Troubleshooting and project management were required to ensure proper 
communication with the vendors and delivery of the designed product. After the initial 
prototype was created and received, we performed design adjustments to the 
prototypes while balancing design requirements.  Through the process of understanding 
individual manufacturer limitations, another redesign was implemented to ease 
manufacturing and create a flexible, pitch adjusting, collapsible impeller.  
  
3.3 Impeller Evaluation 
 All of the rigid and pitching impellers were experimentally evaluated using a 
hydraulic flow loop. The following sections describe the components of the flow loop, 
instrumentation, and study details. 
 
3.3.1 Hydraulic Flow Loop 
 In order to evaluate the pressure-flow performance of the collapsible impeller, a 
hydraulic flow loop was constructed. Figure 5 illustrates this hydraulic flow loop with 
testing capabilities for rotary blood pumps. 
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Figure 5: Hydraulic flow loop for impeller prototype testing.  a) Impeller Prototype; b) Inlet Tank; c) Outlet 
Tank; d) Pressure Transducer; e) Resistance Clamp; f) Ultrasonic Flow Probe; g) Ultrasonic Flow Meter; h) 
Pressure Transducer Signal Conditioner; i) Oscilloscope; j) Motor; k) Motor Power Supply and Controller; l) 
Data Acquisition. 
 
 
 
The loop consisted of two fluid chambers (i.e. inlet and outlet tank), a brushless DC 
motor, motor controller, Validyne differential pressure transducer, clamp, Transonic 
flow probe and flow meter, oscilloscope, power supply, heater tank, and temperature 
sensors. The inlet chamber served as a static pressure tank to supply flow to the pump 
prototype through a rigid tube. After exiting the pump domain (Figure 5: A), the fluid 
entered the outlet, static pressure tank (Figure 5: C), and circulated around to the inlet 
tank (Figure 5: B), thereby creating a closed loop system as seen in Figure 6 below.  
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Figure 6: Top view of the hydraulic flow loop for impeller prototype testing: A) Pump Domain; B) Outlet 
Tank; C) Inlet Tank. 
 
 
 
Tygon tubing connected the inlet and outlet tanks to facilitate loop flow and was 
utilized to measure the flow rate through the loop using a Transonic flow meter 
(Transonic Systems Inc., Ithaca, NY, USA). A clamp was placed around the Tygon tubing 
in order to support the increase or decrease of flow resistance, and thus enabled 
adjustment of the flow rate through the loop. The Tygon tubing and tanks were also 
surrounded by a water bath or heater tank such that physiologic temperatures could be 
maintained, if desired. The collapsible impeller was placed in the rigid tube between the 
inlet and outlet tanks and imparted energy to the fluid prior to the outlet tank. The 
impeller was mounted on a drive shaft that had a covering shaft sleeve and 
incorporated a fluid seal. The drive shaft was supported using ball bearing and then 
connected to a high speed, DC, brushless motor (MicroMo Electronics Inc., Clearwater, 
A 
B C 
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FL, USA) via a spider coupling (McMaster-Carr, Atlanta, GA, USA). This motor was 
connected to a controller in order to induce rotation at a particular test speed. A 
differential pressure transducer (Validyne Engineering, Northridge, CA, USA) was 
connected to each of the static pressure tanks in order to measure pressure rise across 
the pump. The pressure rise, flow rate, and rotational speeds (RPM) were sampled at a 
rate of 100 Hz simultaneously using data collection software (LabJack Corporation, 
Lakewood, CO, USA). 
 
3.3.2 Blood Analog Solution 
 For this thesis project, the prototypes were tested in a blood analog solution. 
This solution was created using a water and glycerin mixture to mimic the viscosity of 
blood. Blood is assumed to have Newtonian fluid behavior for these studies since shear 
stresses are expected to be above 7 Pascal throughout the flow domain of the pump 
[11].  To mimic these properties, a targeted ratio of 60% water and 40% glycerin was 
utilized. After preparing the initial water/glycerin solution, a hydrometer and Cannon-
Fenske Viscometer were used to measure the fluid properties.  
 
Hydrometer 
 The Hydrometer, seen in Figure 7, was used to measure the specific gravity of a 
blood analog fluid relative to water.  The hydrometer has a cylindrical stem and a 
weighted bulb. The bulb is weighted with lead to make it float upright. The hydrometer 
was placed in a graduated cylinder that contained the water/glycerin mixture. The fluid 
to be measured was poured into the graduated cylinder, and the hydrometer was gently 
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placed into the cylinder until it floated. The point at which the fluid touched the stem 
was recorded to be approximately 1,100 g/cm3, our target density.  
 
 
 
Figure 7: Hydrometer 
 
 
 
Cannon-Fenske Viscometer 
 The Cannon-Fenske viscometer, seen in Figure 8, was employed to provide the 
viscosity of the blood analog solution in centipoise. The drain time between set points in 
the viscometer is used to calculate the dynamic viscosity. This dynamic viscosity (μ) was 
calculated using the following formula:  
 μ (cP) = viscous constant (cSt/s)* density (g/cm³)*drain time(s) (1) 
As seen on the viscometer in Figure 8, the drain time was measured as the 
amount of time it took for the fluid to pass between lines 1 and 2. A fluid with a higher 
viscosity will take longer time to drain than that of a lower viscosity fluid. Thus, the drain 
time and the viscosity share a proportional relationship. To measure the fluid viscosity, a 
18 
 
cleaned viscometer was used to remove any residual traces. The viscometer was filled 
with the blood analog solution by placing one end into the solution and creating suction 
on the opposing end with a vacuum line. This was done until the fluid filled past line 1 in 
Figure 8. 
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Figure 8: Viscometer. The timer is started when the fluid reaches line 1 and stopped 
when the fluid reaches line 2.  
 
 
 
Line 2 
Line 1 
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 If any air bubbles were seen, they were gently tapped out of the device before 
beginning testing. The device was then turned right side up and clamped into a grip. The 
fluid began draining immediately.  When the fluid reached line 1, the timer was started 
using a stopwatch. When the analog fluid reached line 2, the drain time was recorded 
from the stopwatch. The measurements were repeated 3 times to assess repeatability 
and accuracy of the measurement.  Using equation 1 above, the viscosity was 
calculated. For our experiments, the target viscosity was 3.5 cp.  
 
3.3.3 Pressure Transducer Calibration  
 Pressure generation was one of the two most important characteristics to 
measure for the evaluation of the prototypes. The test rig incorporated a digital 
differential pressure transducer, Validyne DP15 Variable Reluctance Pressure Sensor, 
with a dual chancel digital transducer indication. This was connected to a data 
acquisition system (Labjack U12 A/D) which was then connected to the computer. The 
pressure readings were taken in voltage and stored into data files. In order to calibrate 
the transducer, a two water column was used per Figure 9 below. On one side, the 
water column high was kept constant. On the other, the water was reduced from 60 to 
40 inches. This difference in water column heights resulted in the differential pressure. 
The transducer output was demodulated, amplified, and filtered to produce a D.C. 
output proportional to the pressure measurement.  
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Figure 9: Water column used for pressure transducer calibration 
 
 
 
The output of the digital transducer indicator was connected to the Labjack U12 
A/D converter, which was then connected to the computer. Data files of sampled 
voltage measurements were created for each water level measured, which each water 
level correlating to a pressure measurement. Each data file contained readings taken at 
a rate of 50 scans/minute for a specific water level point. The average voltage was 
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calculated for each measurement at each individual water level.  When the data was 
imported into Excel, the output result was a pressure voltage curve which was used to 
calibrate the transducer. This calibration was repeated at least 3 times. 
 
3.3.4 Flow Meter Calibration 
 A flow probe, Transonic Systems Inc. 16PXL Flow Probe, was calibrated by 
Transonic Systems Incorporated. Flow meter correlations were conducted to obtain the 
calibration curve for the probe. The flow meter was connected to Labjack U12 which 
was then interfaced with the PC. The sampling rate of 50 Hz was selected.  Just like the 
excel files created for the pressure transducer, a file was created for the flow meter to 
extract a relationship between the measured voltage and experimental flow rate 
(L/min). The data collected was analyzed to create a calibration equation. 
 In order to generate varying flow rate samples, the flexible tubing was clamped 
after the ultrasonic flow probe. The adjustable clamp allowed for various flow rates.  
During calibration, 20-25 different flow rates were recorded. Thus, 20-25 data files were 
collected and analyzed.  
 
3.4 Data and Statistical Analysis 
 Analysis on the sampled data sets was initially performed using a Matlab code 
developed in the lab. This code enables us to import all of the data files and averages 
the voltage data for each operating point or calibration level evaluated. Using the 
averaged data points, an Excel spread sheet was used to perform statistical calculations. 
These calculations involved the development of a calibration equation to link the 
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measured voltage data to the physical pressure values (mmHg) or flow rate (L/min). All 
testing was done at a 95% confidence interval or α = .05.  
 
Statistical Analysis Overview 
 For both the flow rate and pressure calibration, the same overall steps were 
followed. First, as mentioned above, the data points were gathered in the form of  DAT 
files. These files contained multiple samples taken at the same point, at a rate of 50 
scans/min.  Each file correlating a voltage to the flow or pressure at a specific point. A 
variety of ranges were gathered based on the test above.  Using the Matlab program, 
each DAT file was averaged to give a single point.  This data was then placed into an 
Excel file. The calibration experiments were repeated three times giving three unique 
sets of data.  For each data set, the best fit curve was calculated correlating the 
pressure/flow to voltage.  Thus, for a single calibration curve, there were 3 unique 
equations averaged together to account for variations from experiment to experiment.  
In order for a data set to be included in this process, the R2 value was calculated as 
outlined below to ensure a high correlation between the data and the best fit curve.   
 
 Calculation of R2   
 Linear regression is the process of estimating an intercept and slope to be a best 
fit (Xi ,Yi) data to the equation: 
Yi = β0 + β1 Xi + Ui                                                                        (2) 
The predicted equation will have the following format: 
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                       ?̂? = ?̂?0 + ?̂?1𝑋                                                                                   (3) 
The best fit data expresses what fraction of the variation in Y is explained by a factor X. 
The least square formulas are used to find the best fit in the sample data.  The least 
square formulas are as follows: 
𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑚 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠(𝑇𝑆𝑆) = ∑(𝑌𝑖
𝑛
𝑖=1
− ?̅?)2                          (4) 
 
𝐸𝑥𝑝𝑙𝑎𝑖𝑛𝑒𝑑 𝑆𝑢𝑚 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠(𝐸𝑆𝑆) = ∑(?̂?𝑖
𝑛
𝑖=1
− ?̅?)2                 (5) 
The total sun of squares (TSS) shows the total variation in Yi around the mean of Y 
(independent of X) as shown in Equation 4.  The explained sum of squares (ESS) shows 
the variation in Y^I, the prediction of Yi, using X, around the mean of Y.  
These two squares are used to calculate the R2 value. This can be calculated by equation 
6 below.  
R2 =
ESS
TSS
      (6) 
The R2 value is a numerical value between 0 and 1.  The larger the R2 value, the better 
the fit between the actual line and the predicted line. A value of zero indicates 
randomness.  For our experiments, in order to create an accurate calibration curve and 
ensure viable data, calibration equations utilized had R2 values as close to .99 as 
possible.  
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3.5 Construction of Collapsible Impeller 
 All components for the collapsible impeller were manufactured using not only 
the tools available in the BioCirc Laboratory, but also utilizing the lathe and drill press at 
the Drexel University machine shop. The raw components were ordered from McMaster 
Carr and processed in the lab or machine shop. Assembly of the produced components 
occurred using the tools within the lab.  
 Initially, to create a flexible impeller, steel or plastic material was used to create 
the top and bottom hubs, while the rest of the skeleton was formed using shaped 
Nitinol wire.  When utilizing plastic hubs, the wires were melted into the hubs, and then 
glued to create a joint. After the plastic hubs were replaced with stainless steel, 
soldering was used. This was initially done using a soldering gun, before ordering Nitinol 
specific materials that required higher heat. To meet this need, a butane torch was used 
in an attempt to weld the Nitinol wire to stainless steel.  Further details on this process 
can be found in Chapter 4.  
 After the impeller’s skeletal structure was completed, a variety of flexible plastic 
covers were evaluated including finger protectors, catheter balloons, parafilm, and 
Duraseal laboratory sealing film. Using a heat gun, we treated materials like the catheter 
balloon, parafilm, and Duraseal film as shrink wrap, to create a tight seal around the 
skeletal structure.  
 
3.6 Experimental Details 
 All impellers were tested in similar overall conditions with variations in the flow 
rate and rotational speed. For the solid impellers, the prototypes of the impellers were 
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drilled and tapped using the lathe at the Drexel machine shop. These were then 
mounted and individually connected to the pump for testing.  The prototype impeller 
was then placed into the test rig and sealed to prevent any leakage.  After this, the 
system was filled with the blood analog water/glycerin mixture.  When filling the tank, it 
was imperative to ensure a strong seal at any opening, including where the impeller was 
placed. Also, all air bubbles had to be removed though the built in bleed points. It was 
imperative to remove the air bubbles and ensure a seal because a leak would increase 
the presence of air in the tank. This air would affect the reading on the pressure 
transducer, leading to false data.  After set up was completed, the solid impeller was 
test at 6000, 7000, 8000 RPM. For each RPM, a clamp was placed on the tubing to 
impede flow, and create varying flow rates. The flow rates were tested between 1-5 
L/min at 0.1 L/min increments.  
 The collapsible impellers, unlike the solid impellers, did not need to be drilled 
out and mounted. Instead, after the skeletal structure was created, they were mounted 
on a specially designed interface to the pitching drive shaft assembly. This interface for 
the tank was created not only to hold the impeller, but also served as a part of the 
structure and served as a tool for pitch adjustment. See Chapter 4 for additional details.  
 After the impeller was mounted, it was again sealed into the tank which was 
filled with the blood analog solution. As with the solid impeller, it was important to 
remove all air bubbles and prevent any leakage to avoid distortion of pressure readings 
in the flow loop. The impellers were spun at rotational speeds up to 12000 RPM. The 
flow rate at which the impeller was tested varied per design. The flow rate interval test, 
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however, remained the same. The flow rates tested ranged from 0.1 L/min up to the 
highest achievable flow rate for a given rotational speed.  
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Chapter 4: Results 
 
4.1 Solid Impeller Testing 
 The solid impellers were tested in the flow loop as mentioned in section 3 above.  
The pressure rise and flow generation of each impeller was evaluated at rotational 
speeds of 6000-8000 RPM and flow rates of 1- 5 L/min. First, the impellers with twisted 
blade angles of 100-600 degrees of twist were evaluated.  As seen in Figure 10, these 
impellers were able to generate 3-31 mmHg at various RPMs.  
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Figure 10: Comparison of performance curves for optimized (O-Type) impeller designs. A) 
Impeller with 100 degrees of blade twist; B) Impeller with 200 degrees of blade twist; C) 
Impeller with 300 degrees of blade twist; D) Impeller with 400 degrees of blade twist; E) 
Impeller with 500 degrees of blade twist; F) Impeller with 600 degrees of blade twist. The 
impellers were evaluated at a rotational speeds of 6000-8000over a flow range of 1-
5L/min.  [9] 
 
 
 
The largest pressure rise was measured during testing of the 400 degree 
impeller. At 1 L/min and 8000 RPM, the 400 degree impeller had a pressure rise of 31 
mmHg.  On the low end, at 6000 rpm, the same impeller at the same flow rate still gave 
a differential pressure rise of 7 mmHg. The overall performance range over a variety of 
flow rates and rotational speeds was 7-31 mmHg for this impeller.  
With promising pressure rises being seen at the 300 and 400 degree twist 
impellers, another series of experiments were run to evaluate the performance of 
impellers within the 300-400 degree range. A refined range was created using degrees 
of twist in the range, in increments of 20 degrees.  These impellers were also tested at 
1-5 L/min at 6000-8000 RPM.  Of note, the performance at 7000 RPM, as seen in Figure 
11, indicated that even a small increase in the blade twist angle was able to significantly 
affect the pressure generation.   
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Figure 11: Performance curves for the optimized (O-Type) impellers in the range of 300-
400 degrees in 20 degree increments for a rotational speed of 7000 RPM. [9] 
 
 
 
4.2 Prototype Design 
 Leveraging the experience with the rigid geometries, a variety of collapsing 
mechanisms and options were considered to create a collapsible impeller.  Using a 
mechanical collapsing mechanism required creating a device using a multitude of 
miniature components that could have direct exposure to the fluid environment. The 
increased risk of a failure causing patient harm or preventing the impeller from 
collapsing and being removed, warranted consideration of other options. 
 In order to create a pitch adjusting and collapsible impeller, a non-solid body 
impeller was used.  By creating solid skeletal structure and using a flexible material to 
create the remainder of the body, a collapsible and pitch adjusting impeller could be 
created. With Nitinol material being frequently used for cardiovascular stents, the 
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collapsibility, shape memory and biocompatibility attributes were optimal for our 
implementation.  
 As seen in Figure 12, a solid skeletal body impeller was designed using Nitinol 
wires and a shrink wrap outer layer to create the impeller body. Using thin wires 
allowed for the collapsibility and pitch adjustment needed.  
 
 
 
 
Figure 12: A. Conceptual design of impeller after assembly. B. Conceptual pitch 
adjustment of the impeller.  
 
 
 
Figure 13 below shows a more detailed view of the individual components. These 
include the Acorn Nut (Figure 13: A),   Top Hub (Figure 13: B) to hold the wires, Custom 
Bushing (Figure 13: C) to hold the second end of the wires, shaped Nitinol Wires (Figure 
13: D), Inner Rod (Figure 13: E), and Outer Tube (Figure 13: F).  The Acorn nut was 
designed to put purchased and then modified. A typical Acorn Nut has a hexagonal base. 
This part was cut down, in order to create a smooth surface for the fluid to flow over. 
The top of the Inner Rod was designed to be cut down and modified to be threaded 
corresponding to the Acorn Nut.  Together, these support and anchored the skeletal 
structure. The Top Hub was designed to hold the wires, but also rest on the top portion 
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of the Inner Rod. This way, with the acorn nut pressing down, and the Inner Rod 
pressing up, the Hub would not be able to move axially.  The Custom Bushing served as 
the bottom anchor for the wires. It was designed to fit clear of the Inner Rod, but form a 
tight fit against the Outer Tube. It was off-set so that the top portion was flush with the 
OD of the Outer Tube; prevent any irregular flow patterns from forming.  While the 
Inner Rod and Outer Tube serve as anchors for the Top Hub and Custom Bushing, they 
also helped provide the pitch adjusting and collapsing properties.  
 The pitch adjustment was designed utilizing the interference between the Top 
Hub/ Inner Rod and Custom Busing/ Outer Tube. Each tube was designed to rotate 
freely of the other. So, using a coupling, as seen in Figure 14: A, we were able to hold 
onto the Outer Tube while rotating the Inner Rod to create a twist. When the desired 
twist was reached, we tighten the coupling, and the entire unit spun as a single unit.  
 The collapsibility was designed utilizing the shape memory and super elastic 
properties of the Nitinol Wires. By releasing the coupling on the Inner Rod, and pulling 
back on the Outer Tube, we were able to place an axial load to straighten the Nitinol 
Wires.  Then, pushing forward, due to the shape memory and super elasticity, we were 
able return the Nitinol Wires back to their original shape.  
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Figure 13: Component view of impeller; A. Acorn nut; B. Top Hub; C. Custom Bushing; D. 
Nitinol Wires; E. Inner Rod; F. Outer Tube. 
 
 
 
 
 
Figure 14: Full view of impeller set up; A. Coupling 
 
 
 
4.3 Prototype Development  
 
4.3.1 Test Rig Interface 
 After the prototype was developed, the interface for the test rig needed to be 
created. This set up was designed in solid works, as seen in cross section in Figure 15 
below. The labels in this figure correspond to their respective part in Figure 16.  Figure 
16 shows an exploded view of the component. (Note, Figure 16: F is just a 
representation for the test rig tank.) The following components were used to create the 
A 
B 
C 
D 
E 
F 
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tank interface: a coupling (Figure 16: A), two bearings (Figure 16: B), an aluminum, 
bearing mounting block (Figure 16: C), a tank seal with an opening for the impeller 
(Figure 16: D), an oil seal (Figure 16: F), and a tank seal (Figure 16: G). The coupling was 
used to connect the impeller to the motor. The aluminum, bearing mount block was 
machined at the Drexel machine shop to hold the impeller at the appropriate height and 
distance from the tank.  The aluminum block was then fitted with bearings to hold the 
impeller in place and allow it to smoothly rotate.  The tank seal with an opening for the 
impeller was also made at the machine shop, and an oil seal was placed inside. Finally, 
the regular tank seal was machine at the machine shop. The two tank seals each serve 
unique purposes. The tank seal with the impeller opening helps position the impeller, 
seals the tank opening, and using the oil seal, creates a seal around the impeller while 
still allowing it to rotate freely. The other tank seal, has no opening, and serves to 
complete the seal on the opposite tank (not shown here for simplicity).  
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Figure 15: Designed test rig interface with impeller (cross section); A. Coupling for 
connection to motor; B. Bearing; C. Aluminum Block; D. Tank Seal with impeller opening; 
E. Oil Seal; F. Tank Representation; G. Tank Seal; 
 
 
 
Figure 16: Exploded view of the test rig interface without the shaft and impeller. A. 
Coupling for connection to motor; B. Bearing; C. Aluminum Block; D. Tank Seal with 
impeller opening; E. Oil Seal; F. Tank Representation; G. Tank Seal; 
 
 
 
4.3.2 Initial Prototype Development  
 Nitinol wire (McMaster-Carr, Atlanta, GA, USA) was purchased. The wire 
purchased was axially straight in form and needed to be shape set. Typical shape setting 
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procedure involves containing the wire to the desired shape, and heating to 500-550 
degrees Celsius until heated all the way through. Then, the part would be quenched in a 
water bath. In testing this for our wire, there was difficulty in maintaining the required 
wire shape. When the final shape was set, it was not maintained. In our shape setting 
attempts, we found heating the wire in two stages, provide the flexibility necessary for 
the initial shaping, and reheating a second time would set the shape. For our purposes, 
the wires were heated to approximately 500 degrees Celsius. They were then quenched 
by submerging in a cool water bath. After this initial process, the wires were shaped, 
and heated again until a glowing red. They were then quickly submerged in cold water 
to quench the part. Using this method, we were successful in creating flexible wires that 
maintained the major integrity of the parts. As typical with a Nitinol material, some 
precision in the angle was lost after a large load was placed.  
 In order to create the remainder of the skeletal structure, plastic and steel parts 
were explored to adhere to the Nitinol material.  A black nylon rod was purchased from 
McMaster Carr. This rod was processed to create the Top Hub and Custom Bushing as 
describe in Figure 13 above. Heating the tips of the Nitinol Wires, and inserting them 
into the nylon component would case the nylon to melt around the part.  This created a 
strong adhesion between the two components in preliminary tests using the rod and 
wire samples. The wire connections were reinforced with Loctite glue (Figure 17). 
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Figure 17: Skeletal structure of Prototype 1 made of nylon and Nitinol wires.  
 
 
  
 After the wires were attached, the impellers were covered with an elastic 
polymer as seen in Figure 18 below.  This elastic polymer used is more popularly known 
as finger protectors typically used in the food service industry. For our purposes, its 
elastic properties were optimal for creating a coating that would serve as the body of 
the impeller and conform to the blades.  
 
 
 
 
Figure 18: Prototype 1 covered in plastic material comprising the body. 
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During testing, the impeller was unable to remain intact due to the fluid forces 
and torque experienced at the necessary rotational speeds for pressure generation.  The 
main weak point noted was the connection between the wires and the nylon 
components.  While previous quick tests had shown the wires would adhere well, this 
was not the case observed.   
A second impeller was designed and created. Instead of using black nylon, a clear 
PVC material was utilized.  Through quick tests, this material bonded better with the 
wires. Using the same process of melting the wire into the plastic component and then 
gluing, an impeller was created (Figure 19).  This time, instead of using the finger 
protectors, we wrapped the impeller with Duraseal laboratory film. We then used the 
heat gun to shrink the plastic around the impeller to create a tighter film.  
 
 
 
 
Figure 19: Impeller Prototype 2 
 
 
 
 
 The newest impeller prototype was tested, as described in Section 3. The results 
can be seen in Figure 20 below. We were only able to test the impeller at one speed due 
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to a strange sound heard during testing.  From the results, the prototype was able to 
maintain a pressure rise of approximately 1 mmHg from 0.5 to 1.6 L/min.  
 
 
 
 
Figure 20: Pressure and flow results of Prototype 2 spun at 5000 RPM. 
 
 
 
After testing, the impeller was removed from the test rig for a physical inspection. 
Figure 21 shows the top view of the impeller when it was removed.  Similarly, Figure 22 
shows the front view of the impeller post testing.  
 
 
Figure 21: Top view of impeller after removing from the test rig.  
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Figure 22: Front view of impeller after removal from the test rig.   
 
 
 
It was discovered that 2 of the 4 blades had dislodged (Figure 23). We noticed 
that some of the blades did not “pop” out of the plastic part, but instead, snapped off. It 
was only the plastic coating that held the dislodged wires in place during testing. This 
validated our decision to stop testing when strange noises were audible.  
 
 
Figure 23: Dissected Prototype 2 for root- cause analysis.  
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 The main working theory, as to the cause of this snapping, was that the material 
became too brittle during shape setting and heating for insertion and that it was not 
able to withstand the  forces due to torque and rotation.  
An optimal material for our test impeller body would have been stainless steel 
due to its low corrosion properties.  In an attempt to bond the Nitinol wires to the 
stainless steel, soldering was used. Initially readily available solder was used. Testing 
was done on a macro scale and found the solder unable to bind to either material. After 
some research, a Nitinol soldering kit was found. Using this information, solder and flux 
specifically designed to work with binding Nitinol and stainless steel was purchased. This 
solder was a Tin/ Silver solder. Using the typical soldering tools, we were unable to heat 
each component to the proper temperature for strong adherence between the solder 
and the components. Using the butane torch previously used for shaping the Nitinol 
wire, we were able to get better results, with some binding on the macro scale. This 
however, was not repeatable on the smaller scale needed for our device.   
With the tools available for laboratory use, we were unable to get the stainless 
steel disk and Nitinol wire to bind to each part. While individual wires would bind, 
opposing wires would not get the chance to adhere. As soon as one side was completed, 
trying to adhere the wire on the opposing side would melt the flux on the previously 
completed side. Attempts were made to cool one side while soldering the other, but this 
did not work.  This was done by trying to use a wet sponge and water to cool the 
completed sides. Overall, the part was too small to use conventional soldering for 
adherence.  
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With solder being unsuccessful, we returned back to the PVC/ Nitinol 
combination. In order to decrease the stress and increase the pressure rise, a fifth and 
sixth wire/blade were added to the design procedure.  The heating was minimized when 
heating the ends for placement into the plastic component in an attempt to prevent the 
material from becoming brittle.  
Figure 24 demonstrates the five bladed impeller after assembly. Similarly, Figure 
25 shows a top view of the impeller to show the distribution of the wires. Figure 26 
illustrates the impeller mounted on the set up.  
 
Figure 24: Front view of Prototype 3 
 
 
 
 
Figure 25: Top view of Prototype 3 
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Figure 26: Front view of Prototype 3 fully mounted and assembled 
 
 
 Prototype 3 was tested per Section 3 at rotational speeds of 4500, 5000, 6000, 
and 7000 RPM. The results can be seen in Figure 27 below. This prototype performed 
better than the previous prototype. The pressure rise ranged from 0.68 mmHg to 2.56 
mmHg. All impellers were tested from flow rates of 0.2 L/min up to the maximum 
output at 0.1 L/min increments.  At 4500 RPM, the maximum pressure generation for 
the impeller was 0.68 mmHg at only 0.2 L.min. The maximum flow rate seen was 0.51 
L/min. At 5000 RPM, the maximum pressure was again seen at a flow rate of 0.2 L/min, 
but was 1.9 mmHg. The maximum flow rate for this impeller at 5000 RPM was 0.61 
L/min. At 6000 RPM, the maximum pressure generation of 1.94 mmHg occurred at a 
flow rate 0.2 L/min. The maximum flow rate this impeller was able to generate at this 
rotational speed was 0.77 L/min. Finally, the last speed tested was 7000 RPM. At this 
speed, the impeller was able to generate 2.56 mmHg at 0.2 L.min.  At this rotational 
speed, the maximum speed was 0.90 L/min.  
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Figure 27: Pressure and Flow results for Prototype 3 spun at 4500, 5000, 6000, and 7000 
RPM. 
 
 
 
While an increased pressure rise was seen in comparison to the previous 
impellers, the failure mode for this impeller still involved poor adhesion between the 
plastic component and the Nitinol Wires, leading to snapping of the wires.  
 Further attempts were made to strengthen the design. These included increasing 
the thickness of the wires and braiding the wires. When the wire thickness was 
increased, the flexibility was lost. The increased diameter prevents a twisted 
conformation from occurring after a moderate level of torque was applied. This material 
thickness was also much harder to work with and would not allow for any collapsibility 
due to the rigidity.  A similar issue was seen with the braded wires. While this provided 
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strength to the wires, the resulting product was too stiff to collapse or twist. Table 2 to 
follow lists the initial prototypes that were developed, a summary of construction and 
differences, and weaknesses or failure modes. 
 
 
 
Table 2: Summary of prototype analysis  
Prototype 
Number 
Number of 
Blades 
Hub/Bushing 
Material 
Plastic Body 
Material 
Failure Mode 
1 4 Nylon Finger Protector Wire failed to 
adhere to plastic 
2 4 PVC Duraseal Film Wire becomes 
brittle and snaps 
3 6 PVC Duraseal Film Wire becomes 
brittle and snaps 
General 
Methods 
 Parafilm as plastic body material 
 Creating Hub/Bushing out of stainless steel and soldering to Nitinol 
 Ordered wires of a greater thickness (0.015->0.03) 
 Braided two wires together 
 
 
 
 
4.3.3 Final Prototype Development  
 While initially contacting manufacturers in hopes of their advanced tools being 
able to solder or weld Nitinol with stainless steel, we quickly learned that soldering 
Nitinol is notoriously tricky. Even many larger scale companies do not have the 
capabilities to join the two materials. Thus, a single body design was pursued. 
A final design was created using Nitinol tubing. See Figure 28 below for the front 
view of the design. See Figure 29 below for a different angle of the single body design.  
This design allowed the same collapsing and pitch-adjusting mechanism to be utilized, 
with minor changes to the test rig interface.  
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Figure 28: Side view of final impeller prototype. 
 
 
 
 
Figure 29: Alternative view of single body impeller prototype. 
 
 
 
While our previous test rig interface relying on the different ID’s of the Top Hub 
and Custom Bushing, a redesign was necessary. Working with the Drexel Machine Shop, 
selected pieces were redesign and rebuilt for the new impeller.  The newly designed set 
up can be seen in Figure 30 below.  The main changes made were a custom dial with 45 
degree markings to measure the impeller pitch and a new interface for the impeller.  As 
seen more clearly in Figure 31, multiple small features were implemented into the new 
interface. As seen in Figure 31:A, a fillet was added between the impeller and tube 
interface to help guide the fluid flow in a smoother patterns instead of having a rough 
stop which could impede and misdirect flow.  As seen in Figure 31: B, a fillet was also 
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added to the body of the impeller/rod to help with assembly. The press fit required a 
precise design and measurements to ensure a good fit. Finally, as seen in Figure 31: C, 
extra material was added in the center of the impeller to help add more body. This was 
also used to help hold the top of the impeller in place. It is important to note however, 
the OD of the body was kept below the OD of the impeller when collapsed to prevent 
any interface with the collapsing mechanism.   With this design, the new test rig 
interface was ready for the manufactured impeller.  
 
 
 
Figure 30: New Test Rig Interface: A. Marked dial to measure pitch; B. New press fit 
interface for impeller (Picture here with mock impeller) 
 
A 
B 
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Figure 31: Close up of impeller tip. A: Fillet on impeller/tube interface; B. Fillet on Rod 
OD; C. Increased OD on rod for impeller body. 
 
 
 
The new impeller was produced by our partners at Relucent Solutions. Using the 
test rig interface shown above, we were able to mount our new impeller. See Figure 32 
below.  As visible, the blades on the actual impeller are thinner than initially designed. 
Working with the manufacturer, the blade width was reduced to increase flexibility to 
ease pitch adjustment and collapsibility. 
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Figure 32: Final prototype, mounted.  
 
 
 
The collapsibility of the impeller was assessed. The OD of the tube chosen was 
.25 inches or 6.35 mm. In the open state, the impeller is a minimum of 14mm in 
diameter. This can be increased to closer to 18 mm by pushing the bottom end of the 
impeller closer to the top. The impeller was collapsed and measure. The average OD of 
the impeller was 6.52 mm. This means the change in OD is approximately 53.3 percent. 
Comparing the diameter of the impeller collapsed to the OD of the tube originally, the 
impeller was able to collapse down to be only 2.68 percent larger than its original raw 
material state. See Table 3 for a summary of the collapsibility information.  
 
 
 
Table 3:  Summary of collapsibility assessment 
Product OD 
Open 
OD 
Collapsed 
Percent Change 
Impeller 14-18 mm 6.50 mm 53.3%  difference between 
collapsed and open configuration 
Tube 6.35 mm 6.35 mm 2.68% difference between collapsed 
impeller and original tube 
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After assessing the collapsibility, the impeller was shrink-wrapped with the 
Duraseal film as previously done. See Figure 33. This impeller was then tested for it 
pitch-adjusting capabilities. The impeller, as seen in Figure 34, had a maximum pitch of 
90 degrees.   
 
 
 
Figure 33: Final prototype wrapped in plastic film 
 
 
 
 
Figure 34: Pitch adjusted impeller 
 
 
 
 The impeller was tested in our test rig per Section 3. The results of the impeller 
tested at a 90 degree twist can be seen in Figure 35.  The impeller was test at 6000, 
7000, and 8000 RPM at flow rates from 0.1 L/min to the maximum for the rotational 
speed at 0.1 L/min increments. At 6000 RPM, the maximum pressure generated was 
0.78 mmHg at 0.1 L/min.  The maximum flow rate for this configuration was .49 L/min. 
At 7000 RPM, the maximum pressure generated was 1.23 mmHg at 0.1 L/min.  The 
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maximum flow rate produced at this configuration was 0.99 L/min.  Finally, the impeller 
was tested at 8000 RPM. The maximum pressure generation was 1.73 mmHg at 0.1 
L/min. The maximum flow rate generated in this configuration was 1.38 L/min.  
 
 
 
 
Figure 35: Initial testing of the Final Prototype with a 90 degree pitch at rotational 
speeds of 6000, 7000, and 8000 RPM.  
 
 
 
The same impeller was tested at a pitch of 45 degrees. The results can be seen in 
Figure 36.  The impeller was tested at 6000, 7000, and 8000 RPM.  Again, the impeller 
was tested at flow rates starting at 0.1 L/min and going up to the impeller maximum at 
0.1 L/min increments. At 6000 RPM, the data collected was very abnormal as no positive 
pressure generation was seen. At 7000 RPM, the maximum pressure generated was 
1.12 mmHg at 0.01 L/min.  The maximum flow rate produced at this configuration was 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 0.2 0.4 0.6 0.8 1 1.2 1.4
P
re
ss
u
re
 R
is
e
 (
m
m
H
g)
Flow Rate (L/min)
8000 RPM 7000 RPM 6000 RPM
52 
 
0.50 L/min.  Finally, the impeller was tested at 8000 RPM. The maximum pressure 
generation was 1.17 mmHg at 0.1 L/min. The maximum flow rate generated in this 
configuration was 0.71 L/min. 
 
 
 
 
Figure 36: Initial testing of the Final Prototype with a 45 degree pitch at rotational 
speeds of 7000, and 8000 RPM. 
 
 
 
After testing the impeller, attempts were made to perform testing at higher 
rotational speeds to no avail. Root cause analysis showed a lot of variation caused by 
variations in the plastic coating and miniature leaks that were forming in the coating. In 
order to create a smooth coating that would conform to the blades while having an 
overall smooth finish, different methods were tested.  Multiple shrink wrap attempts 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 0.2 0.4 0.6 0.8
P
re
ss
u
re
 R
is
e
 (
m
m
h
g)
Flow Rate (L/min)
8000 RPM 7000 RPM
53 
 
were tested, heat shrink tubing, doubling the wrapping, and gluing wrapping to the 
impeller before shrinking.  
 As a final attempt, miniature latex balloons were used to cover the impeller. 
They are very small and elastic, so we theorized they would encompass the blades 
better. The results impeller can be seen in Figure 37 below.  Similarly, in Figure 38, you 
can see the impeller covered in the balloon. Heat shrink tubing was used at the end to 
seal the balloon to prevent any leakage. This method gave the smoother finish desired.  
 
 
 
 
Figure 37: Final Prototype covered in latex balloon 
 
 
 
 
Figure 38: Final Prototype covered in latex balloon sealed with heat shrink tubing 
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 With the desired finish, the impeller was tested again.  With the 90 degree pitch 
showing promising results previously, the impeller was tested again at 90 degrees. The 
impeller was tested at rotational speeds of 10000, 11000, and 12000 RPM. Samples 
were collected at flow rates starting at 0.1 L/min up until the maximum at 0.1 L/min 
increments.  The results can be seen in Figure 39 below. At 10000 RPM, the maximum 
pressure generation was 0.80 mmHg at 0.1 L/min.  The maximum flow rate generated 
was 0.38 L/min. At 11000 RPM, the maximum pressure generated was 2.10mmHg  at 
0.12 L/min. The maximum flow rate was 1.40 L/min. At 12000 RPM, the maximum 
pressure rise seen was 6.57 mmHg at 0.02 L/min. The maximum flow rate was 2.19 
L/min. A pressure rise of 2.99 mmHg was also seen at 0.90 L/min. Finally, at 
approximately 1.5 L/min, a pressure rise of 1.75 mmHg was seen.  
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Figure 39: Final testing of the Final Prototype with a 90 degree pitch at rotational speeds 
of 10000, 11000, and 12000 RPM. 
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Chapter 5: Discussion, Future Work, and Conclusions 
 
5.1 Discussion 
To our knowledge, there is no collapsible impeller in clinical use to treat patients 
with acquired or congenital heart disease. Devices of this kind are in development and 
typically fall into two categories. The first work by using mechanically folded structures 
to ease the folding process, allowing for bending and twisting without permanent 
deformation. These mechanically folded devices usually depend on small hinges with or 
without locking mechanisms.  The second category is through the use of elastic 
materials that allow for folding and unfolding without permanent deformation. A hurdle 
for these designs is the ability to tolerate the hydrodynamic load during use. [12, 13]  
Our device is a hybrid device that incorporates material properties with a skeletal 
supporting feature.  Of all the devices researched by the author’s, ours is the only device 
that incorporates the benefits of collapsibility with pitch adjustment to allow for optimal 
customization on a patient by patient basis. 
 This research began by testing 3D printed solid impellers of a simplified 
rectangular geometry. 10 impellers ranging from 100-600 degrees were evaluated, 
giving strong pressure and flow output. The results of these impellers ranging from 100 
to 600 degrees showed strong pressure and flow outputs, confirming the simplified 
rectangular design was promising and valid for the impeller geometry. Exploring 
impellers in the range of 300 to 400 degrees in 20 degree increments confirmed the 
effects of fine tuning. Creating a pitch adjusting impeller will allow the user to adjust the 
impeller on an individual basis.   
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 Confirming the results for the simplified geometry, this research reflects a new 
collapsible impeller for a circulatory support of the Fontan physiology. Researching 
material properties lead us to use Nitinol material to create the backbone due to super 
elasticity and shape memory properties.  Knowing our material choice, the impeller was 
design in SolidWorks using readily available materials.   
 The first prototype that was built was not able to generate any pressure during 
testing. While the failure was due to the Nitinol and nylon joint not being strong 
enough, another issue was clear with the first impeller. The covering that was used was 
not elastic enough for our use. While the elastic material stretched around the wires, it 
formed a smooth flat surface between the wires. In order for an impeller to be 
successful, it needs to better conform to the blades in order to create channels for the 
fluid to flow and move in.   
 The second impeller created was able to fix the issue with the adherence. This 
was due to the material change, which was able to better hold onto the Nitinol material. 
For this prototype, the material used as the “body” of the impeller was also changed. 
The new plastic material was able to better conform to the wires. This was because it 
would shrink when heated.  While a low pressure rise of 1 mmHg was seen, this was not 
enough for our device. After performing several failure mode analyses, we were able to 
see that the Nitinol wires, instead of slipping out like the previous impellers, snapped. 
The discoloration on the wires indicated the snapping was due to the material becoming 
too brittle from the heating due to shaping and inserting the wire into the PVC.   
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 In order to solve the problem of the brittle material causing the wire to snap and 
the plastic Hub causing the wire to slip out, soldering was explored.  Traditional 
soldering techniques and materials did not work due to the unique properties of the 
Nitinol wire. A special silver solder was purchased to help bind the Nitinol wire to a 
stainless steel component.  Unfortunately, minimal success was seen with solder. This 
was due to the size of the part and the availability of the tools.  When one side was 
successfully soldered, any other side could not be soldered without the initial solder 
heating up and falling off the joint. The components were just too small to use bench 
top available soldering techniques.  
 After the failure of soldering, a third impeller was created with additional blades.  
Our goal was to distribute the forces, removing stress from the joints where the Nitinol 
met the plastic components. While snapping was seen in the previous wire, an 
additional blade was added to this prototype to help distribute some forces.  The forces 
on the wire included the forces created by the impeller itself, and the forces created by 
spinning the impeller. The force of twisting the impeller generates a force on itself 
which could contribute to the strain placed on the weakened joint. This combined with 
the force of the impeller spinning and displacing the blood analog caused the wire to 
snap.  This impeller was able to generate a max pressure rise of 2.56 mmHg, which was 
a strong improvement over its predecessor.  Despite having a larger pressure rise, this 
impeller still suffered from the wire snapping.  
 At this point, we contact multiple companies to see if we would be able to get 
our design manufactured using industrial grade soldering tools.  We quickly learned that 
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soldering Nitinol was a difficult task that not many companies did. Taking this 
information and working with some manufacturing companies, we created a single body 
design made completely of Nitinol.  This design eliminated the need for soldering or 
joining two materials.  
 Initial testing of this prototype using the same shrink wrap coating as the 
previous prototypes gave subpar pressure rise.  The maximum pressure rise was 1.89 
mmHg at a 90 degree twist and 1.28 mmHg at a 45 degree twist.  Analysis of the 
impeller showed difficulty in using the shrink wrap material to create a smooth finish on 
the impeller. The impeller could never be wrapped the same way twice. These minor 
changes in the wrapping could easily affect the fluid flow and throw off the data. Also, 
the material was prone to leakage despite many attempts to wrap the impeller.  
Multiple ideas were tested including double wrapping the impeller, gluing the wrapping 
to the impeller, and replicating the finger protector shape before shrinking the film 
around the impeller.  We finally decided to change materials after seeing micro 
perforations forming during the heat shrinking process.  We tested a variety of materials 
including heat shrink tubing.  While promising because the material theoretically shrinks 
around the material down to the predetermined diameter, this material was too thick, 
and when shrunk, resulted in the fracture of a single body impeller prototype. This 
material behaved similarly to the finger protector tested earlier, without the flexibility.   
Finally, we decided to test miniature latex balloons for the flexibility and small diameter.  
 This final cover worked well for the impeller compared to previous versions. Due 
to limitations in the test rig interface, which will be further discussed in Section 5.2, we 
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were only able to test the impeller at 1degree of twist.  Looking at the previous data, we 
saw better results for the 90 degree twist than the 45 degree twist. This supports the 
data we saw during the solid impeller testing, where the larger the degree of twist, the 
larger the flow and pressure rise.  We tested this impeller at 90 degrees using out test 
rig.  We also increased the rotations per minute to help increase the flow rate and 
pressure rise.  At 12000 RPM, we saw a maximum pressure rise of 6.57 mmHg at 0.02 
L/min.  A pressure rise of 2.99 mmHg was also seen at 0.90 L/min. Finally, at 
approximately 1.5 L/min, a pressure rise of 1.75 mmHg was seen.   
 Thus, we were successful in our goal of creating a collapsible, pitch adjusting 
impeller. While this design was able to output the optimal pressure and flow output of 
1-5 mmHg and 0.5-4.0 L/min independently, it was not able to perform consistently in 
the optimal range.  A summary of the performance of the various impellers compared to 
the design requirements can be found in Table 4. There are many potential reasons that 
could contribute to this. More information on the limitations of this design can be found 
in Section 5.2.  Primarily, in order to maintain collapsibility and pitch adjustment, the 
impeller blades could not be made too tall/ thick or wide. This limited the blade height 
of the prototype, which thereby created limitations associated with momentum transfer 
to the fluid. In addition, there were many inconsistencies with the different materials 
tested to cover the blades. Along with the skeletal structure, the material cover requires 
a complex set of properties, where it needs to be flexible enough to move with the 
blades during pitch adjustment and collapsing, while being rigid enough to help form 
the blades.  All current materials tested so far, focused primarily on the flexibility, with 
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less focus on the rigidity needed to stand up to the forces experience during rotation in 
the blood analog. See Section 5.3, Future Work, for more details.  
Finally, an unforeseen consequence of this design led to the total outer diameter 
of the blade to decrease the more the pitch was adjusted. At 90 degrees, this did not 
affect the performance greatly, however, if test at a high degree of twist, the impeller 
would start to fold in on itself.  While all these factors contributed to the decreased 
performance over an ideal impeller, the results of this thesis research serve as a strong 
foundation for further modifications and testing towards the goal of creating a pitch 
adjusting and collapsible impeller with the optimal pressure and flow output needed for 
a Fontan physiology.  
 
 
 
Table 4: Design requirements compared to prototype performance. 
Characteristics Optimal 
Prototype 
Prototype 2 Prototype 3 Final Prototype 
Number of 
Blades 
4 4 6 4 
Hub  Diameter 5 mm 6.35 mm 6.35 mm 6.35 mm 
OD –Open 15-25 mm 16-18 mm 16-18 mm 14-18 mm 
OD–Collapsed 5 mm N/A N/A 6.50 mm 
Twist Angle 30-90 Degrees 
or higher 
0-90 Degrees 0-90 Degrees 0-130 Degrees 
Pressure Rise 1-5 mmHg 1 mmHg 2.56 mmHg 6.57 mmHg 
Flow Rate 0.5-4.0 L/min 0.1 to 1.6 L/min 0.10- 0.90 L/min 0.10 - 2.19 L/min 
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5.2 Study Limitations 
 Multiple study limitations were presented and tackled during this project. The 
first hurdle to overcome was working with the Nitinol material.  In order to shape the 
material, the optimal method is to use an oven that can heat evenly to 500 degrees. It 
also requires the use of a mandrel or fixture of the desired shape.  We tried doing this 
with a regular home oven, but were not able to get the precise even heating needed. 
We did find, however, that heating the wire and cooling it made it malleable, allowing 
us to shape the wire. When the wire was shaped in this manner, it mostly retained its 
shape and super elasticity.  The shape was prone to some deformation from being fully 
collapsed.  Fortunately, when we used the wire, we did not get to test collapsibility due 
to the poor adhesion between the wires and the plastic.  
 Another limitation of this study for the preliminary prototypes was the use of 
plastic components.  When testing Nitinol soldering, as discussed earlier, the task 
proved impossible with the current tools available. Working on such a small scale, if a 
successful soldering joint was created, it would be destroyed as soon as an attempt was 
made to create another joint.  While laser welding techniques may have proven to be 
useful, we did not have access to these tools.  
 For our final prototype, there were a few design constraints that limited our 
study.  First, we were unable to find a company that could work with Nitinol soldering.  
This issue led to the creation of a single body design using Nitinol tubes.  This single 
body design, however, came with its own limitations. We were limited on how thick/ tall 
we could make the blades based on the wall thickness of the Nitinol tubing.  There were 
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tubes of very specific dimensions we had to select from.  Along with the selection, we 
were also limited by manufacturer’s capabilities. Multiple manufacturers we contacted 
could not shape the Nitinol wire beyond a 60 degree bend. This affected the overall 
outer diameter of our impeller.   
 Another limitation of this study involves the test rig interface when testing the 
final impeller prototype.  The test rig interface started to form a small leak around the 
water seal due to wear from use. This made testing difficult. In order to prevent leakage, 
silicone was used to cover up the leak point during test.  Along with the leakage issue, 
we saw issues with the two couplings on the test rig interface wearing down. The 
coupling on the motor end became prone to sliding despite being sized properly.  We 
used a block to prevent this coupling from slipping.  The coupling used to create the 
pitch rotation and collapsing mechanism, started to wear down and no longer hold for 
higher rotations.  Despite these significant study limitations, the prototypes produced 
the pressure needed to mechanically support a Fontan patient; additional effort must be 
placed on balancing design sturdiness with collapsibility to increase the flow range of 
the device.  
 
5.3 Future Work 
 The research covered in this thesis advances the possibility and brings closer to 
fruition the creation of a collapsible, pitch adjusting impeller for use with a Fontan 
specific heart pump.  Current work has focused on preliminary design and testing of a 
Nitinol based design. While the impeller was able to adjust pitch and collapse, a greater 
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pressure rise is necessary.  Future work on this project needs to be completed in a two 
pronged approach.  
This project not only requires research into the skeletal structure of the impeller, 
but also the impeller covering.  The skeletal structure needs to have the flexibility of a 
thin wired structure while maintaining the strength and characteristics of a solid bodied 
impeller.  The next step for this project will be performing finite element analyses and 
simulations to understand how the different impeller properties can be adjusted and 
still maintain collapsibility with a reasonable force.  This will require a few things 
including an acceptable force profile will need to be decided. The current impeller 
interface relies on press fits/ interference fits in order create the collapsing mechanism. 
If a higher force is required, it will be important to redesign in order to anchor the 
impeller ends to their respective parts.  
The output of the impeller is based strongly on the blade geometrical 
characteristics; the thicker the blade, the more fluid that can be manipulated. Similarly, 
the blade width provides the strength necessary to prevent any snapping during 
manipulation. With each of those traits, a trade off occurs. If the blade is too thick, it will 
not twist properly during pitch adjustment. Also, if the blade is too wide, it will not 
collapse.  Using simulations, different combinations can be tested.  
While these simulations are being conducted, different materials can be 
evaluated for the skeletal cover. The ideal material will be very elastic and thick. The 
thickness is necessary to prevent any snapping. As any elastic material stretches, it 
becomes thinner.  Having a thicker material to start, will prevent the possibility of a 
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puncture from forming.  The miniature balloons used to cover the final impeller will be a 
great starting point.  A material with even greater elasticity will be able to provide 
better blade definition.  
Future steps to build new collaborations with industrial representatives should 
provide the additional means to overcome the challenges associated with materials. The 
following companies produce endovascular and vascular products that are similar to our 
targeted design concept:    
 Cordis: INCRAFT® AAA Stent Graft System, OPTEASE® Retrievable Vena 
Cava Filter 
 Boston Scientific: Innova™ Self-expanding Nitinol stent system for 
Superficial Femoral Artery (SFA), Emerge™ Dilatation Catheter 
 Gore Medical: Q50® PLUS Stent Graft Balloon Catheter, Nitinol Stents 
 Pryor Medical:  ER-REBOA™ Catheter 
This thesis research has provided a strong initial step toward the development of our 
collapsible Fontan pump; the results support moving to the next level of manufacturing 
by one of the aforementioned companies. 
 
5.4 Conclusions 
Approximately 2 cases per every 10,000 live births results in children born with 
single ventricle physiology. For these patients, multiple staged, open heart surgical 
procedures are performed for Fontan completion. This procedure produces a 
cardiophysiology with no subpulmonary power source to pump blood through the lungs 
and then to the systemic ventricle. [2] The cardiovascular stresses imposed by the 
Fontan physiology leads to premature dysfunction and failure. In order to slow or 
eliminate the deterioration of the Fontan physiology, we hypothesize that a modest 
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increase of 1-5 mmHg in the cavopulmonary pressure will reduce the systemic venous 
pressure, increase ventricular filling, and improve cardiac output. Through a 
percutaneously deployed circulatory device, we aim to fulfill the current unmet need.   
Previous work on this project included testing of solid impellers, and most notably, the 
testing of a pitch adjusting impeller created from a flexible rubber polymer. This work 
provided sufficient evidence to support the hypothesis that increased pitched would 
lead to increased pressure and flow output. It also took the first step in showing 
feasibility of developing a pitch adjusting impeller that can be fine tuned per patient 
physiology. [10] Using this idea, our goal was to create a pitch adjusting, collapsible 
impeller.  To achieve this goal, we started by testing solid impellers of a simplified 
rectangular geometry.  These impellers not only were able to achieve flow rates of 1-5 
L/min, but were able to provide a pressure boost of 3-31 mmHg.  Using the information 
gained from solid impeller testing, we designed, prototyped and testing multiple 
iterations of a pitch adjusting, collapsible impeller. This collapsible impeller was able to 
collapse down close to the original size, with only a 2.68% difference.  The pitch 
adjustment of this prototype was from 0-130 degrees and when tested at a pitch of 90 
degrees, the impeller was able to generate a flow of up to 2.19 L/min and a maximum 
pressure boost of up to 6.57 mmHg.  While this impeller was able to operate within the 
goal range of pressure and flow output individually, future research will use 
computational modeling to asses various blade thickness and sheath materials that can 
provide the unique characteristics necessary for a successful product. Overall, we were 
successful in not only our design for a collapsible, pitch adjusting impeller,  but also in 
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creating one of the first impellers of its kind, especially for use in the unique Fontan 
physiology.  
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